}diosnueyy 10y}ny \duosnueyy JouIny \duosnuey\ 10y}ny 


\duosnueyy 10y}ny 


WEALTH 
ot" ty 


Ç 
% 
“erveaa 


~~» HHS Public Access 
K 


Author manuscript 
Annu Rev Immunol. Author manuscript; available in PMC 2015 April 17. 


Published in final edited form as: 
Annu Rev Immunol. 2013 ; 31: 345-385. doi:10.1146/annurev-immunol-020711-075041. 


Brain-Reactive Antibodies and Disease 


B. Diamond, G. Honig, S. Mader, L. Brimberg, and B.T. Volpe 
Feinstein Institute for Medical Research, Manhasset, New York 11030 


Abstract 


Autoimmune diseases currently affect 5—7% of the world's population; in most diseases there are 
circulating autoantibodies. Brain-reactive antibodies are present in approximately 2-3% of the 
general population but do not usually contribute to brain pathology. These antibodies penetrate 
brain tissue only early in development or under pathologic conditions. This restriction on their 
pathogenicity and the lack of correlation between serum titers and brain pathology have, no doubt, 
contributed to a delayed appreciation of the contribution of autoantibodies in diseases of the 
central nervous system. Nonetheless, it is increasingly clear that antibodies can cause damage in 
the brain and likely initiate or aggravate multiple neurologic conditions; brain-reactive antibodies 
contribute to symptomatology in autoimmune disease, infectious disease, and malignancy. 
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INTRODUCTION 


An increased awareness of the contribution of brain-reactive antibodies to human 
pathobiology has been propelled by new approaches to both animal models of disease and 
clinical investigation. In fact, a large part of the difficulty in recognizing brain-focused 
autoimmunity has arisen from imprecise definitions of autoimmune disease and from the 
models traditionally used to study autoimmunity. The classification of a disease as 
autoimmune first requires the exclusion of other etiologic explanations. Once other causes 
have been ruled out, additional criteria must be met: (a) for antibody-mediated diseases, 
maternal transmission of disease symptoms to the neonate; (b) transfer of pathology by 
antibodies or lymphocytes from an affected individual to a laboratory animal or to cells in 
culture; (c) development of an animal model in which disease can be transferred to 
syngeneic hosts via antibodies or lymphocytes; and (d) the presence of lymphocytes or 
antibodies in affected tissue. 


It is obvious that several of these criteria are not easily met in studies of brain pathology. 
Even the most straightforward model—that of maternal antibody—mediated alteration in 
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fetal brain development—becomes difficult to entertain, let alone prove. Abnormalities in 
brain development may not be detected until months to years after birth. At that time, the 
possible causes of brain damage are legion. Furthermore, the mother herself is unlikely to 
display untoward effects of brain-reactive antibody production due to the integrity of her 
blood-brain barrier (BBB), which limits the access of serum proteins to brain parenchyma. 
Thus, an autoimmune explanation of brain pathology in the child may well not arise, and 
there is often no investigation of maternal antibody. 


Other forms of evidence are also difficult to obtain. Transfer of brain disease from a human 
patient to a laboratory animal via serum or purified antibodies does not occur unless there is 
a breach in the recipient's BBB integrity; thus, the pathogenicity of many brain-reactive 
antibodies is obscured unless an insult to BBB integrity is imposed on the recipient animal. 
Ex vivo studies may also be uninformative. Because so much brain function requires cell-to- 
cell communication, pathology may be overlooked in preparations in which antibodies are 
added directly to cells in culture. The development of an animal model of autoantibody- 
driven brain disease is also difficult, as such a model must include a mechanism for antibody 
to gain access to brain tissue. Sometimes the mechanism occurs as part of the immune 
process itself, as in experimental autoimmune encephalitis (EAE), a mouse model of 
multiple sclerosis (MS) in which activated T cells can disrupt the BBB (1). However, to 
model autoantibody-mediated diseases, it is often necessary to compromise BBB integrity 
through a process that is distinct from the generation of autoantibody (2). Finally, evidence 
that the human disease is immune mediated may also be difficult to obtain. Brain biopsy is a 
relatively rare clinical procedure; premortem observation of brain tissue is therefore limited, 
although newer neuroimaging tools promise to improve the analysis of living brains. 
Postmortem tissue is of lesser value, because terminal illness often includes many breaches 
of BBB integrity with ensuing pathologic processes in the brain that may not have been 
ongoing prior to the terminal event. For that reason, postmortem data must be interpreted 
cautiously. All these difficulties in analyzing brain tissue and developing appropriate animal 
or cell culture models have delayed our appreciation of autoimmune diseases of the brain. 


The most common approach to implicating antibodies in brain disease is to find them in 
cerebrospinal fluid (CSF) of an affected individual. Yet the presence of autoantibodies in 
CSF is not sufficient evidence to incriminate them as a pathogenic agent. Cessation of 
neuropsychiatric symptomatology once antibodies are no longer present in CSF may suggest 
that antibodies are pathogenic. However, it is possible for such symptoms to persist: In the 
brain, as in other tissues, antibodies may trigger irreversible damage. Moreover, even when 
CSF antibody titers correlate with symptoms, antibody need not be the causative agent for 
the symptoms; it may be a marker of disease but not a contributor to pathogenesis. It is often 
the case that anti-brain antibodies are found in the serum but not in CSF. Indeed, many 
brain-reactive antibodies that have been implicated in disease pathogenesis are made within 
lymphoid organs, are present in serum, and are not necessarily present in CSF. 


If the antibody is the culprit in the disease process and not merely an epiphenomenon, then 
the targeted antigen should be present in a functional pathway that is relevant to disease 
symptoms. As described above, the antibody should transmit the relevant symptoms to an 
experimental animal model by passive transfer or by active immunization strategies. An 
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additional test for attributing pathogenesis to the functional properties of antibody includes 
the demonstration that immunomodulation or removal of antibody diminishes 
symptomatology; this again assumes that autoantibody-mediated damage is reversible. 


Importantly, not all brain-reactive antibodies are likely to cause disease even if they access 
brain parenchyma. As with autoantibodies targeted to other organs, it is possible to have 
elevated serum titers and no evidence of disease. This may reflect insufficient titers or a 
requirement for a particular fine specificity or affinity. Alternatively, it may reflect the lack 
of a susceptible target organ because of diminished antigen display or a lack of a tissue 
inflammatory response. All these considerations, as well as the need to penetrate the BBB, 
also apply to brain-reactive antibodies. Nonetheless, multiple investigations now 
demonstrate a contribution of brain-reactive antibodies to clinical disease. In this review, we 
discuss brain-specific issues in the diagnosis and pathology of antibody-mediated diseases, 
focusing on illustrative examples. 


INDUCTION OF BRAIN-REACTIVE ANTIBODIES 


Brain-reactive antibodies arise in three situations. First, individuals with autoimmune 
disease may produce brain-reactive antibodies (Table 1). In these situations, one might 
expect to observe features common to many known autoimmune diseases, such as a human 
leukocyte antigen (HLA) association and additional genetic susceptibility including other 
autoimmune risk alleles. Neuropsychiatric lupus represents this type of disease. The disease 
is associated with particular HLA haplotypes, and affected individuals harbor other 
autoimmune risk alleles as well. Anti-DNA antibodies and anti-ribosomal P autoantibodies 
are part of the pathologic reaction of the immune system and have been shown to cross-react 
with neuronal antigens (see below). Similarly, neuromyelitis optica (NMO) is an 
autoimmune disease in which pathology is antibody dependent, with autoantibodies 
selectively targeting the astrocytic aquaporin-4 (AQP4) water channel protein. Importantly, 
the immune responses that trigger the generation of these autoantibodies may be initiated by 
microbial or other exogenous antigens, but in the autoimmune host they continue after the 
exogenous antigen is no longer present. Second, exposure to exogenous antigens, most 
clearly microbial antigen but perhaps also food antigen, may trigger expression of antibodies 
that cross-react with brain antigens (Table 1). In general, genetic susceptibility in these 
diseases either is of less importance or has not yet been characterized. Examples include 
Sydenham's chorea, a neurological manifestation of rheumatic fever in which antibodies that 
emerge against Group A B-hemolytic streptococcus (GAS) cross-react with neuronal targets. 
Finally, individuals with diagnosed or cryptic tumors may exhibit paraneoplastic syndromes 
in which the tumor expresses an inciting antigen and the resulting antibodies cross-react 
with an identical or structurally homologous antigen in the brain (Table 2). 


In individuals with anti-brain reactivity that results from a more generalized defect in 
immune tolerance, as occurs with autoimmunity, autoantibody production may be sustained 
or may have a relapsing and remitting course. Entry of antibody into brain tissue may be 
intermittent, making the progression of symptomatology intermittent. It might be expected 
that antibodies that arise in diseases with clear antigenic triggers (e.g., exogenous microbial 
or dietary antigens or tumor antigens) disappear once the inciting trigger is no longer 
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present; thus, eradication of the exogenous trigger (through antibiotics, dietary change, or a 
protective immune response) or destruction of a tumor (through surgical, pharmacologic, or 
radiotherapeutic intervention) would be expected to terminate autoantibody production. This 
is often observed. Once the source of exogenous or tumor antigen is eliminated, the 
production of cross-reactive, brain-reactive antibodies ceases, although this response may 
depend on the thoroughness of the elimination. Whether clinical symptoms remit when 
autoantibodies cease to be present will depend on the reversibility of the pathologic process 
initiated by the antibodies. In some cases, there will be full restoration of brain function; in 
others, neuronal death and/or permanent circuit impairment may preclude full restoration of 
function. 


It should be noted that the activation of B cells to secrete brain-reactive antibody has not 
been extensively studied, but also that there is no evidence that the pathway of B cell 
activation is unique in these cases. Indeed, where B cell activation has been characterized, 
there is evidence of germinal center maturation of B cells, based primarily on molecular 
characteristics of the antibodies (3, 4). 


B CELL SELECTION AND BRAIN REACTIVITY 


B cells produce antibody molecules to fulfill two critical functions: (a) to assist in the 
removal of cellular debris and (b) to neutralize and destroy invading pathogens and their 
toxins. The first function is mediated by a relatively small number of antibodies. There is no 
evidence that these antibodies must undergo class-switch recombination from IgM to IgG or 
that immunologic memory must develop for these antibodies to assist in the clearance of 
apoptotic debris. To protect against pathogenic microorganisms, in contrast, a large 
spectrum of antibodies is required. This generation of antibody diversity is possible because 
antibody genes are formed through combinatorial events that allow a relatively small 
number of gene segments to assort into a vast number of intact antibody genes. Because the 
combinatorial process is not informed by any knowledge of the world of self or exogenous 
antigen, censoring processes that remove autoreactivity from the B cell repertoire must be in 
place. Once B cells encounter antigen, antigen-specific T cells help them differentiate 
further to a germinal center response in which immunoglobulin genes undergo class-switch 
recombination and somatic hypermutation. The latter process again generates 
autospecificities that need to be eliminated through negative selection mechanisms. 


It is reasonable to ask whether failure to censor autoreactive B cells through central and 
peripheral tolerance mechanisms is more or less likely to occur for brain-reactive B cells. 
Exchange of soluble molecules and cells between the central nervous system (CNS) and 
other organs and compartments is highly restricted due to multiple mechanisms including 
the existence of the BBB (5). Recent evidence suggests that these mechanisms may be 
relatively well developed by the time the highly diverse B cell repertoire is generated (6, 7); 
thus, it is likely that many brain-specific antigens are sequestered from immature or 
transitional B cells that are at a stage of maturation when they can still undergo negative 
selection and from post—germinal center B cells, which also undergo negative selection. This 
sequestration may explain why most brain-reactive antibodies appear to target antigens 
expressed by neurons or astrocytes rather than antigens expressed by microglia (CNS- 
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resident myeloid cells), the latter of which are often also expressed by other myeloid-lineage 
cells and are therefore available to mediate negative selection of B cells. It is highly likely 
that neurons and astrocytes express a large number of antigens that are not appreciably 
expressed in other tissues or that they express a brain-specific isoform or a novel 
posttranslational modification of a more widely expressed antigen. There is, in fact, little 
pressure to censor brain-reactive B cells; the presence of CNS-reactive antibodies is, in 
general, harmless to the host. It is only when BBB integrity is compromised that there is a 
potential for antibody-mediated pathology. 


It is interesting to speculate that just as there may be little need to remove brain-reactive B 
cells, the removal of all brain-reactive B cells may be deleterious, leaving the host with too 
restricted a repertoire for optimal protection against infection and toxins. This theoretical 
construct proposes two critical functions for the BBB and related features of CNS immunity: 
(a) restricting negative selection against brain-specific antigens to permit an expanded B cell 
repertoire and (b) shielding the CNS from a potential onslaught of neuropathic antibodies 
once brain-reactive B cells are activated. 


Importantly, these considerations apply only to antibodies directed against CNS antigens. 
Antibodies to peripheral nerve antigens do not need to penetrate the BBB to mediate 
pathogenic effects, nor are the antigens of the peripheral nervous system necessarily 
sequestered from the developing B cell repertoire. 


IMMUNE FUNCTION AND THE BRAIN 


The CNS has an intricate relationship with the immune system; cytokines maintain 
homeostasis of neuronal activation, and synaptic and neuronal activities exert powerful 
regulatory control over many aspects of systemic immunity. CNS immune homeostasis is 
skewed toward quiescence and tolerance under healthy conditions, and specific anatomical 
structures, including the BBB, limit interactions between the CNS and the systemic immune 
system. This phenomenon was originally referred to as immune privilege, although the 
concept may have subsequently been interpreted more broadly than is accurate (5, 8). In 
fact, pathways exist for activation of immune cells within the CNS and for interactions with 
circulating immune cells and soluble factors, including B cells and antibodies. CNS circuits 
are highly sensitive to these pathways. 


It is interesting to consider what evolutionary pressures may have given rise to the 
anatomical and functional characteristics of CNS immunity. The relative quiescence that 
characterizes CNS-resident immune cells in healthy individuals, with low neuronal 
expression of major histocompatibility complex (MHC) antigens, may have evolved as a 
mea sure to limit inflammatory damage in an organ with little regenerative capacity and 
extraordinary ongoing metabolic demand. The CNS has a crucial and highly conserved role 
in orchestrating systemic immune responses (9-11), which contrasts with the restricted 
immune response that occurs within the brain. It signals primarily through nerves rather than 
by releasing molecules and cells into the circulation, and it does not generally require a 
porous vasculature to communicate with other organ systems. 
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The concept of the immune privilege of the CNS refers strictly to the parenchyma of the 
CNS. The parenchyma is defined as the CNS tissue that does not immediately contact blood 
vessels, meninges, or ventricles and that is not localized within a circumventricular organ. 
This concept was initially elaborated on the basis of classic studies in which a graft 
implanted within CNS tissue failed to elicit the immune response that was triggered when 
the graft was implanted in other regions of the body (5). Immunoglobulin concentrations 
within the CNS parenchyma are extremely low. MHC expression, a requirement for T 
effector cell function, is low on cells in the CNS under normal conditions (5). Passage of 
immune cells between the brain and the circulation is very restricted. Microglia are CNS- 
resident myeloid cells; unlike other myeloid cells, they are not derived from bone marrow 
precursors but are descended from primitive macrophages that invade the neural tube early 
in development, and they are replenished by self-replication in the adult (12, 13). Although 
microglia express many markers of circulating myeloid cells and can be activated by a 
variety of stimuli to adopt a macrophage-like phenotype, they are characterized in their 
resting state by a limited capacity for antigen presentation and phagocytosis (13). It is 
thought that the CNS parenchyma either expresses many antigens that are not found to an 
appreciable degree in other tissues or expresses a given antigen in a form not present in 
other tissues. The lack in the CNS parenchyma of a constitutively active antigen-presenting 
cell capable of migrating to lymphoid organs and the limited passage of soluble antigens 
into the blood or lymph are likely mechanisms for a lack of negative selection against CNS 
antigens. In particular, there is no lymphatic drainage in the CNS, only the passage of 
interstitial fluid into the CSF and then into lymphatic vessels. The unique nature of the CNS 
immune environment suggests that molecules of the immune system that are present in the 
brain are involved in different processes in the CNS than in other tissues. For example, early 
complement components in most tissues are proinflammatory and can initiate a significant 
recruitment of a myeloid response (14); however, early complement components in the CNS 
exert important effects on neuronal synapse development (15, 16). Similarly, cytokines, 
which are proinflammatory in peripheral organs, regulate synaptic activity in the CNS (17- 
19). 


ANTIBODY EFFECTOR MECHANISMS 


Antibody effector mechanisms are in general mediated by the fragment crystallizable (Fc) 
region of Ig. Fc-mediated effector functions of antibody include the activation of 
complement with the generation of inflammatory mediators such as CSa and the recruitment 
of the membrane attack complex, which leads to destruction of targeted cells. Thus, 
complement activation routinely results in both the targeted elimination of pathogens and 
the generation of a local proinflammatory milieu to further activate distinct mechanisms of 
immune activity. The Fc region of antibody can also engage Fc receptors, activate Fc 
receptor—bearing cells, initiate antibody-dependent, cell-mediated cytotoxicity, and trigger 
the release of additional inflammatory mediators. These processes also lead to the 
elimination of a targeted cell or pathogen and induce local inflammation. 


In principle, all these mechanisms might occur in the CNS, but several would be operative 
only under inflammatory conditions. Early complement components are important in neural 
development and in normal homeostasis in the brain. Late complement components that 
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constitute the membrane attack complex are produced by multiple CNS cell types in tissue 
culture and in vivo (20, 21), but the relevance of complement activation for pathologic in 
vivo physiology is unclear. Microglial cells are the major phagocytic cell population of the 
CNS and bear complement receptors, but their phagocytic capacity is limited in the resting 
state, and it is unclear whether they ingest complement-opsonized cells (15, 21-23). In 
general, the only Fc receptor that microglia express is FcRIIB, the inhibitory Fc receptor. 
Under inflammatory conditions, microglia can be induced to express activating Fc receptors, 
but whether there are neurological conditions characterized by antibody-mediated 
phagocytosis of CNS cells or cellular elements is not yet determined (22). A similar question 
exists with respect to antibody-dependent cytotoxicity; it is not clear whether this 
mechanism of cell loss and initiation of local inflammation occurs in the brain under any 
pathologic condition. 


The fragment antigen-binding (Fab) region of the antibody can mediate pathology through 
neutralization or alteration of function of targeted molecules. Antibodies to cellular 
receptors can activate intracellular signaling cascades, thereby modulating neuronal function 
or triggering apoptotic pathways. Indeed, most brain-reactive antibodies with identified 
mechanisms of injury seem to operate in this fashion. Moreover, there are now data 
demonstrating that antibodies can perturb neuronal function through binding to 
neurotransmitter receptors and mediating receptor internalization. Antibodies to cell surface 
molecules can also block normal cellular interactions with soluble molecules, other cells, or 
extracellular matrix components and can thereby change neural function or neural circuitry. 
Examples from systemic lupus erythematosus (SLE), NMO, Sydenham's chorea, and 
paraneoplastic disease are described below. Although antibodies in other tissues in the body 
can also alter cell function, many autoantibodies mediate pathogenicity through 
complement- or Fc-mediated effector functions. In the brain, these effector functions appear 
to be much less central to antibody function. 


Because Fc receptor engagement and complement activation seem to have limited relevance 
to antibody pathogenicity in the brain, the importance of defining immunoglobulin class and 
subclass of brain-reactive antibodies may be more relevant to gaining insight into B cell 
activation than to identifying particularly pathogenic antibody subsets. Antibody fine 
specificity is especially relevant to brain-reactive antibodies. For example, patients' 
antibodies to AQP4, which characterize NMO, do not routinely bind AQP4 present on 
nonastrocytic cells such as renal collecting duct epithelial cells. Moreover, antibodies to the 
obligatory NR1 subunit of N-methyl-D-aspartate receptor (NMDAR) that are present in 
paraneoplastic disease do not bind NR1 on colonic epithelium, platelets, or other NMDAR- 
expressing cells (see below). It is not yet known whether the selective binding of antibodies 
to antigen in the brain when the antigen may be expressed in many organs reflects a 
conformational difference caused by its presence within a macromolecular complex, an 
isoform difference, posttranslational modifications, or the induction of the antigen on 
nonbrain tissue only under particular circumstances. Unsurprisingly, however, only brain- 
specific epitopes that are recognized as epitopes present on other cell types might be 
expected to mediate negative selection. 
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Some antibodies implicated in brain disease bind intracellular antigens. Whether these 
antibodies possess a mechanism to enter the cell or an as yet unrecognized cross-reactivity 
to an extracellular or membrane antigen is not known. Several such cross-reactivities have 
been identified. In these cases, pathogenicity appears to reflect cross-reactivity with a 
membrane antigen as opposed to reactivity with intracellular antigen. 


Importantly, both the antibody's mechanism of action and its local concentration determine 
whether the antibody-mediated symptoms are permanent or reversible. As described below, 
some antibodies may modulate function when present at one concentration and trigger 
apoptosis when present at greater concentration. It is also possible that in some situations 
autoantibodies do not act alone: T cells—possibly specific for the same autoantigen—may 
also cause tissue damage or secrete cytokines that synergize with autoantibody in causing 
cell damage. 


ASSAYS FOR THE IDENTIFICATION OF BRAIN-REACTIVE ANTIBODIES 


Assays to identify brain-reactive antibodies are crucial to the detection of antibody-mediated 
diseases of the brain. They include enzyme-linked immunosorbent assays (ELISAs) using 
purified antigen, Western blots of brain or brain cell-specific lysates, and cell-based as-says 
using an antigen-negative cell line (such as human embryonic kidney cells) transfected with 
cell surface brain antigen to permit fluorescence detection of antibody binding (24). All 
these approaches allow a qualitative determination of antibody titer as well as a 
determination of antigenic specificity. The ELISA assay is high throughput, inexpensive, 
and rapid. The Western blots often display multiple bands even with normal sera, 
complicating their interpretation. In principle, Western blots and cell-based assays can be 
adapted to antigen discovery, but the latter have not yet been used for this purpose. The 
validity of all these approaches requires that the antigen, either bound to a solid surface or 
expressed on a cell other than a neuron or astrocyte, preserve the configuration that it has in 
the CNS. It is therefore possible that antibodies that bind brain antigens will fail to bind 
antigen in an ELISA, a Western blot, or a cell-based assay. It is also possible to look for 
brain-reactive specificity using immunohistochemistry on brain tissue. This approach 
permits an investigation of regional specificity of antibody binding but does not lend itself to 
the identification of antigenic specificity. 


To determine whether brain-reactive antibodies are causal for brain pathology, injection of 
antibody into brain tissue or into CSF has been used. Alternatively, antibodies have been 
added to cultured cells to demonstrate their toxicity or ability to alter cell function. In animal 
models, antibody pathogenicity is confirmed when (a) transfer of serum or purified antibody 
or (b) active immunization with antigen (to produce serum antibodies with the defined 
antigenic specificity) leads to functional or structural damage following breach of the BBB. 


THE BLOOD-BRAIN BARRIER 


It is estimated that the human brain contains up to ten billion capillaries, a number that 
roughly translates into one vessel for each neuron (25). Thus, the extraordinarily dense 
neurovascular tree represents a critical interface between the circulation and the CNS. CNS 
endothelial cells exhibit several unique features that are critical for maintaining CNS 
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homeostasis. The neurovasculature consists of arteries, characterized by the presence of 
smooth muscle; capillary microvessels, which constitute the great majority of the 
neurovascular surface; postcapillary venules, which are generally larger and are 
characterized by distinct perivascular structures (Figure 1); and larger veins such as the 
sinuses. The capillary surfaces in the CNS form a rigid barrier, preventing molecules from 
diffusing between the CNS parenchyma and the blood, and join with the glial limitans to be 
characterized as a two-walled castle moat (26, 27). Barrier function is mediated by tight 
junctions between the endothelial cells. The sealing action of these junctions creates a size- 
selective and effective (but not absolute) barrier to diffusion of nonlipid molecules. The tight 
junction is maintained by proteins from three families (claudins, occludins, and junctional 
adhesion molecules) and stabilized by associated adhesion and extracellular matrix proteins 
(28-30). Thus far, the only individual protein shown to be necessary for functional BBB 
tight junctions is claudin-5 (28, 31). Soluble factors routinely penetrate tissues through a 
transcellular route by binding to luminal receptors on the endothelial cell and trafficking 
through the cell in a process known as transcytosis. This process is highly restricted in 
healthy CNS endothelial cells (32, 33). Of particular note, endothelial cells of the brain 
microvasculature express the neonatal Fc receptor for immunoglobulin (FcRn), as do 
endothelial cells throughout the body. In most tissues, these receptors are polarized to the 
luminal surface of the cell, where they regulate immunoglobulin half-life and permit 
immunoglobulin to penetrate tissue (34). In contrast, in brain microvasculature, FcRn has 
abluminal localization and may actually export immunoglobulin from the brain back into the 
circulation (34—36). Endothelial cells also routinely participate in the recruitment of 
circulating leukocytes into tissue. In the CNS, the passage of leukocytes across the 
endothelial wall is highly restricted (37) due to a specific pattern of adhesion molecule 
expression on brain endothelial cells (38, 39). 


All CNS vessels are enveloped by basement membranes, generated by both endothelial cells 
and astrocytes (40). Astrocytic foot processes abut the abluminal surface of the endothelial 
cells and regulate barrier properties (40). Pericytes and other CNS-resident vascular cell 
types also induce endothelial barrier properties (41). Most of the neurovascular surface is 
composed of capillary microvessels, where solute exchange occurs in both healthy and 
pathologic states. Within postcapillary venules, the astrocytic and endothelial basement 
membranes are distinct, forming a perivascular space containing perivascular macrophages, 
which unlike microglia are thought to be bone marrow derived, constitutively capable of 
phagocytosis, and possibly constitutively antigen presenting (8). Soluble factors such as 
immunoglobulins are thought to enter the perivascular space more easily than the CNS 
parenchyma; within the perivascular space, these factors may be bound or scavenged by 
macrophages or may, under certain circumstances, progress into the CNS parenchyma (8). 
The perivascular space is a preferential site for lymphocytes to infiltrate and accumulate in 
the CNS (37). To directly alter brain function, antibodies must either traverse the BBB or be 
synthesized within the brain. In contrast, other immune effector molecules such as cytokines 
may alter brain function by activating afferent nerves or establishing inflammatory cascades 
that move from regions lacking a BBB to cells throughout the brain. 


In the event of CNS infection, pathogens must be countered and contained despite the risk of 
inflammatory injury. Although the CNS does not have a conventional lymphatic system, the 
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leptomeningeal and ventricular systems function as a primitive lymphatic organ (5). The 
cavities of the meninges, which line the outer surface of the CNS, are continuous with the 
ventricles, which drain into the cervical lymph (Figure 1). These cavities are demarcated 
from the CNS parenchyma by ependymal membranes and contain CSF elaborated by the 
choroid plexus. Although antigens of the CNS parenchyma are not actively sampled by 
antigen-presenting cells, the leptomeningeal and ventricular systems contain immune cells, 
including dendritic cells and B cells, that are comparable to those found in most tissues (42). 
Within the choroid plexus, endothelial cells do not present tight junctions. Whereas the 
passage of soluble factors from the blood to the CSF is restricted by tight junctions between 
epithelial cells, the passage of soluble factors from the CSF to the brain parenchyma occurs 
relatively easily (8, 43, 44). Within a few additional specialized CNS regions known as 
circumventricular organs, the typical tight junction morphology of CNS endothelial cells is 
replaced by a fenestrated, porous capillary structure that allows passage of soluble factors to 
and from the blood (45-47). The capillary structure of these regions may be more 
permissive of autoantibody-mediated pathology, as has been proposed in the case of NMO 
(48). (For reviews of BBB and CSF structures and functions, see References 8, 43, and 44.) 


When the IgG in CSF appears to be polyclonal, it likely originates within secondary 
lymphoid organs and penetrates the BBB. When the IgG in CSF appears to be oligoclonal, 
as in MS (see below) and other CNS autoimmune diseases, the antibodies are likely 
synthesized by B cells that have penetrated within the brain. 


Development of the Blood-Brain Barrier and CNS Immunity 


Developing neural circuits can be profoundly and irreversibly affected by molecules present 
in the maternal circulation, including antibodies (49, 50). The developmental time course of 
CNS barrier formation is thus a critical factor in normal embryonic development. Only 
recently have some of the molecular pathways in BBB formation been elucidated. The 
specialized phenotype of CNS endothelial cells is not cell intrinsic but rather is induced by 
the CNS environment. Astrocytes were initially identified as a cellular source of barrier- 
inducing factors in the mature CNS (40); furthermore, Sonic hedgehog, likely of astrocytic 
origin, was shown to induce multiple features of the CNS endothelial phenotype in vivo and 
in vitro (51). However, CNS endothelial cells appear to exhibit tight junctions even in the 
developing neural tube, before the development of astrocytes. Pericytes, which are 
associated with vessels at early time points, have been identified as critical sources of BBB- 
inducing signals during embryogenesis and also in the aging brain (6, 41, 52). Surprisingly, 
neural progenitor—derived Wnts also have a role in establishing the CNS endothelial 
phenotype (53). In humans, the BBB is thought to assume full structural maturity shortly 
after birth (45), although some regional differences in time of maturation exist, likely 
because astrocytes develop only postnatally in some brain regions, such as the hippocampus. 
Although there has been some controversy related to the integrity of the BBB in neonatal 
rodents, the preponderance of evidence suggests that tight junction expression and some 
barrier function is evident at early stages of neural tube vascularization (6). Tight junction 
expression alone, however, is not sufficient for mature BBB function. For example, the 
MECA-32 antigen is a leukocyte adhesion molecule, highly expressed in peripheral 
endothelium and lymphatic venules, whose expression is downregulated in CNS endothelial 


Annu Rev Immunol. Author manuscript; available in PMC 2015 April 17. 


\duosnuey\ Joulny \diosnueyy 10y}ny \diosnueyy 10y}ny 


\diosnueyy JOUuINY 


Diamond et al. 


Page 11 


cells; reexpression of the MECA-32 antigen is a proposed marker of BBB breakdown (54). 
Expression of the MECA-32 antigen is retained in developing CNS vessels even after tight 
junction proteins are present. Thus, the precise timing of BBB development is incompletely 
understood. Nevertheless, a convergence of evidence strongly suggests that from an early 
stage, the BBB does shield the CNS from circulating antibody and that CNS-specific 
antigens are not present in significant concentrations when and where negative selection of 
B cells occurs. 


Pathologic Disruption of the Blood-Brain Barrier 


The BBB is a dynamic system that can be modulated in vivo by physiologically relevant 
stimuli, such that certain conditions allow for typically nonpermeating molecules such as 
antibodies to enter brain tissue and alter neural function (55). Paracellular permeability, 
which affects the size selectivity of tight junctions, and transcytosis are both subject to 
modulation (26, 56, 57). Although most studies have assumed that large molecules breach 
the BBB by the paracellular route, recent reports show that compounds including cytokines, 
chemokines, and antibodies can in some circumstances cross the BBB by the transcellular 
route using receptor-mediated processes, a phenomenon that may be exploited for drug 
delivery (Figure 2) (55, 58, 59). Physiological stimuli such as stress, trauma, infection, and 
inflammation have been proposed to affect BBB function (57, 60-63). These stimuli may 
differ in the magnitude, timing, compound specificity, and anatomical localization of their 
effects on the BBB. The most severe form of BBB damage results from rupture or necrosis 
of vascular tissue following traumatic brain injury or stroke; in addition to the acute physical 
damage these events cause, long-term BBB disruption may occur as a result of sustained 
local inflammation (56). Even in the absence of physical injury, inflammatory signals effect 
disruption of the BBB by activating endothelial cells (32, 64, 65). Endothelial cells can also 
be activated by vasoactive signaling molecules such as norepinephrine and adenosine. 
Unsurprisingly, several drugs with brain-related effects (such as nicotine, cocaine, 3,4- 
methylenedioxymethamphetamine, and tetrahydrocannabinol) also alter the BBB (66). 
Although most studies have focused on how circulating factors affect BBB integrity, 
pathologic disruption of the BBB can clearly be initiated by CNS-resident cells. For 
example, genetic polymorphisms in apolipoprotein E are a major risk factor for Alzheimer's 
disease and cause BBB disruption in animal models; a recent study pinpointed 
proinflammatory cytokine secretion by pericytes as the initial insult in this process, which 
then may be sustained by penetration of proinflammatory circulating factors (67). Many 
more factors that affect BBB integrity, including other genetic polymorphisms, undoubtedly 
still await discovery. 


The actual mechanism of barrier breach, as opposed to general conditions that are correlated 
with barrier breach, is still quite unclear (55). One particularly elegant study recently 
provided insight into the mechanism of action of adrenergic receptors at the BBB in the 
context of meningococcal infection. In this instance, the bacteria effectively hijack B- 
arrestin-dependent trafficking—a central arm of adrenoreceptor signaling—to sequester 
adhesion molecules away from the tight junction and alter overall endothelial cell 
morphology (57). It is attractive to hypothesize that similar mechanisms may function in 
vivo in other conditions as well. 
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Several mechanisms have been identified that permit blood-borne molecules to enter or 
signal to CNS parenchyma (Figure 2). Activation of endothelial cells on the luminal surface 
can lead to abluminal secretion of soluble factors, including prostaglandins (68) and nitric 
oxide, that then alter neuronal function. In this way, endothelial cell activation may not alter 
barrier properties but will nonetheless lead to the presence of inflammatory mediators within 
the brain (65), perhaps affecting BBB function secondarily. Metalloproteinases are secreted 
by activated endothelial cells and can degrade extracellular matrix, resulting in BBB 
breakdown (25). Additionally, peripheral nerves could in principle transmit signals to the 
CNS that would alter endothelial cell barrier function from the inside out. Other mechanisms 
of barrier breach have also been demonstrated. For example, in HIV infection, nanotubules 
appear to connect the capillary lumen with brain tissue (69); the mechanism for nanotubule 
formation is not clear. Microglial and/or astrocytic foot processes are also suggested to 
penetrate between endothelial cells to reach the capillary lumen and may transmit 
information directly from the circulation to the brain (70). Activated leukocytes, notably 
monocytes and autoreactive T cells, can transmigrate into the CNS during autoimmune 
pathology, as has been well described for EAE (discussed below). In addition, these cells 
can adhere to the luminal surface of an endothelial cell without overt transmigration (71), 
and they are likely involved in region-specific impairment of barrier function for soluble 
factors, including antibodies, through mechanisms that are not well understood but probably 
involve local release of cytokines in the vessel lumen (72). Immunoglobulins may also 
access the CNS by first penetrating into the CSF and then progressing through the 
ventricular circulation into CNS parenchymal regions; this process has been proposed to be 
particularly important during development, but its relative importance in antibody-mediated 
pathology has not been extensively addressed (45, 73). 


Recent data demonstrate heterogeneity of brain microvasculature, with surface molecules on 
endothelial cells showing region-specific expression or density. Antibodies may use these 
molecules to penetrate the brain though receptor-facilitated transport under both quiescent 
and inflammatory conditions. For example, brain microvascular endothelial cells express 
receptors for NMDA and dopamine (69, 74—76). It is possible that these receptors facilitate 
the transport of receptor-binding antibodies into brain parenchyma. There is a growing 
awareness of inflammatory molecules, such as interleukin-1, tumor necrosis factor, 
epinephrine, and complement component CSa, that can bind receptors on endothelial cells 
and impair barrier integrity (55, 61). Cytokines likely play a crucial role in allowing 
antibodies to cross the BBB and may, due to a nonhomogeneous distribution of their 
receptors on brain microvasculature, exhibit regional specificity. Type 1 interferon and 
corticosteroids are the only substances that clearly enhance barrier function, although some 
data implicate estrogen as well (55, 61, 77). 


ANTIBODIES TO THE PERIPHERAL NERVOUS SYSTEM: PROOF OF 
PRINCIPLE FOR AUTOANTIBODY-TRIGGERED NEUROLOGICAL DISEASE 


Antibody-mediated diseases of peripheral nerves are, in principle, similar to antibody- 
mediated diseases affecting any organ not sequestered behind a specialized barrier. In the 
peripheral nervous system, antibody has unimpeded access to its target antigen; thus, the 
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conventional approach to identify an antibody-mediated autoimmune disease applies. These 
diseases, like antibody-mediated diseases of the CNS, may be autoimmune or may be 
induced by a microbial pathogen or tumor. The metric for relating an antibody to 
symptomatology is relatively straightforward and includes (a) the presence of antibody in 
serum; (b) passive transfer models; and (c) immunohistology of the affected nerve. Many 
antibodies involved in peripheral nerve disease may not cause brain disease even if 
transported across the BBB, as the targeted antigen may not be present in the brain. 


Autoimmune disorders of the peripheral nervous system were, not surprisingly, the first 
antibody-mediated diseases of the nervous system to be discovered. Antibodies have long 
been appreciated as the pathogenic mechanism for the autoimmune disease myasthenia 
gravis. Myasthenia gravis results from anti—acetylcholine receptor antibodies that act at the 
neuromuscular junction. These antibodies impede the efficiency of neuromuscular 
transmission and eventually, in conjunction with complement, flatten and destroy the 
postsynaptic membrane. Transmission of disease from affected mother to newborn and by 
transferring serum from affected individuals to an experimental animal demonstrated that a 
serum factor, specifically antibody, was responsible for the symptoms (78, 79). Moreover, 
immunosuppression (in some situations thymectomy) effectively treated the condition. 
Myasthenia gravis is particularly instructive in that not all individuals with antibody to the 
acetylcholine receptor experience symptoms. Elegant studies on the neuromuscular junction 
have suggested that aspects of the junction itself modulate the pathogenicity of the 
antibodies (60, 63). This mirrors an observation made with respect to many autoimmune 
diseases: Target tissue has variable susceptibility to autoantibody-mediated damage. This 
differential susceptibility may reflect genetic factors or, alternatively, epigenetically 
determined states of the targeted tissue (66). 


Molecular mimicry and antimicrobial antibody cross-reactivity with peripheral nerve antigen 
can also cause antibody-mediated peripheral nerve disease. Guillain-Barré syndrome is an 
areflexic progressive paralysis caused by ganglioside-specific autoantibodies that often arise 
following infection with Campylobacter jejuni or, less frequently, Haemophilus influenza. 
These antibodies bind a microbial antigen, either a lipooligosaccharide or an unusual 
disialosyl epitope on the bacterial surface (46). Elegant experiments with truncated bacterial 
cell surface oligosaccharides demonstrated that these ganglioside mimics are required for the 
induction of neurotoxic antibodies (80, 81). Once the antibodies are present, complement- 
dependent mechanisms destroy the perisynaptic Schwann cells through the formation of a 
membrane attack complex (82). Ex vivo experiments show that the motor nerve terminal 
also appears to be affected, with complement fixation leading to pore formation and 
unregulated calcium influx, subsequent acetylcholine release, and neuromuscular paralysis. 
An animal model has been developed by immunization with bacterial antigen, and a passive 
transfer model has confirmed the toxicity of the human antibodies (83). The severity of 
disease is not correlated with antibody concentration, suggesting that clinically critical 
differences exist in antibody fine specificity or target cell vulnerability to antibody-mediated 
attack (84). These pathogenic antibodies disappear with time as the microbial antigen is 
eradicated. Clinical symptomatology may persist, however, due to incomplete neuronal 
repair. 
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Peripheral nerve disease can also arise as a paraneoplastic syndrome. Antibodies to the 
calcium channels on small-cell lung carcinoma cells can cross-react with calcium channels 
on peripheral nerves. These antibodies block channel function and reduce acetylcholine 
secretion, leading to clinical symptoms akin to those of myasthenia gravis. Importantly, in 
all of the above examples, the Fab region of the antibody is believed to identify the target 
cell; subsequent damage is mediated through Fc-dependent mechanisms. 


ANTIBODIES TO BRAIN VASCULAR ELEMENTS 


Although it is outside the scope of this review, brain pathology can follow antibody- 
mediated damage to brain vasculature and disruption of blood flow. For example, 
antiphospholipid antibodies are present in SLE patients and in individuals with primary 
antiphospholipid syndrome (85). Antiphospholipid antibodies bind to clotting factors and 
endothelial cells, directly triggering thrombosis or initiating endothelial cell activation and 
establishing a thrombogenic nidus within a vessel. The actual autoantigens on endothelial 
cells bound by these antibodies have not been fully defined. These antibodies cause brain 
damage indirectly by interfering with normal cerebral blood flow. When these antibodies 
cause hemorrhagic stroke, a breach of BBB integrity gives serum antibodies access to brain 
tissue at the site of the hemorrhage. When the antibodies cause a nonhemorrhagic stroke, it 
is not known whether there is a local loss of barrier integrity. 


Systemic Lupus Erythematosus Autoantibodies 


SLE is an autoimmune disease primarily affecting women in their childbearing years. The 
disease is characterized by the production of autoantibodies, primarily to nuclear antigens. 
These antibodies can trigger inflammation in multiple organs, often through cross-reactivity 
with tissue-specific antigen. The origin of autoantibodies in SLE is an area of active 
investigation. Some reports suggest that they arise initially in response to microbial antigen 
but fail to be regulated appropriately. Other reports suggest that from their first appearance 
they are a consequence of inadequate clearance of apoptotic debris and that they represent 
an immune response to self-antigen presented in an immunogenic fashion. Many alleles that 
predispose to SLE also predispose to other autoimmune diseases, and there is strong 
evidence that some SLE susceptibility alleles reduce the stringency of B cell negative 
selection. On the basis of current knowledge, some autoantibodies appear to be markers of 
disease, whereas others have pathogenic potential. 


One common class of autoantibodies in SLE is anti-DNA antibodies, present in over 70% of 
patients. These autoantibodies clearly contribute to tissue damage in the kidney. An 
extended search for antigens bound by anti-DNA antibodies in glomeruli has led to the 
identification of several cross-reactive molecules such as heparan sulfate, laminin, and a- 
actinin (86-88). Thus, anti-DNA antibodies may bind to chromatin adherent and to 
glomerular basement membrane or to a cross-reactive, non—nucleic acid renal antigen. 
Studies of renal pathogenesis have led to the notion that cross-reactivity may be central to 
the pathogenicity of SLE autoantibodies. 


Studies of anti-DNA antibody fine specificity resulted in the identification of cross- 
reactivity with NMDARs (89, 90). R4A, a glomerulotropic mouse anti-DNA antibody, 
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differs by three amino acids from the 52B3 antibody, which is not glomerulotropic despite 
having a log greater apparent affinity for DNA (91). R4A was therefore ascertained to have 
a different fine specificity than 52B3. Using a phage display peptide library as a probe for 
antibody fine specificity, the consensus peptide sequence D/EWD/EYS/G (DWEYS) (92) 
was identified as a target of R4A. 


The potential relevance of the R4A antibody to brain disease became apparent when a 
protein database revealed that both the rodent and human NR2A and NR2B subunits of the 
NMDAR contained the consensus sequence. NMDARs are composed of two NR1 subunits 
and any two of four NR2 (A-D) subunits and are expressed on neurons throughout the CNS. 
Together with a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors 
(AMPARs), they are critical for synaptic transmission (93—97). In particular, NMDARs are 
required for long-term potentiation (98), the physiological mechanism for memory 
formation in the brain. Overstimulation of NMDARs due to excessive ligand binding leads 
to high influx of calcium into the cell, causing neuronal dysfunction and, ultimately, cell 
death. Timing of receptor modulation, dose of excitatory compound, local density, and 
receptor subunit composition can all affect downstream receptor activity and cell function or 
viability. 


Anti-DNA, antipeptide autoantibodies are present in 40% of patients with SLE and bind 
both the NR2A and NR2B subunits and the intact NMDAR. Both murine and human anti- 
DNA, antipeptide antibodies exhibit dose-dependent neurotoxicity when injected directly 
into rodent brain and when applied to human fetal brain cells in vitro (99, 100). Antibody 
has also been eluted from a specimen of human postmortem brain. When this antibody was 
injected directly into mouse brain, it caused neuronal apoptosis (101). Interestingly, these 
antibodies bind NMDAR on neurons and can immunoprecipitate neuronal NMDARs. 
Recently, we have demonstrated that they also bind NMDARs on HEK cells doubly 
transfected with NR1 and NR2A or NR2B. 


Although serum levels of DNA/NMDAR-reactive antibodies do not correlate consistently 
with cognitive or behavioral disorders in SLE patients (102; but see References 103-105), 
the presence of these antibodies in CSF of SLE patients correlates with neuropsychiatric 
lupus, specifically with global nonfocal CNS dysfunction. Antibody titers in CSF correlate 
with symptom severity and, interestingly, decline during convalescence, whereas cytokine 
levels do not (106—108). The latter observation suggests that antibodies might be present due 
to penetration of the BBB at a defined moment, whereas cytokines might be secreted locally 
by resident inflammatory cells. 


Mice immunized with an octameric form of the consensus NMDAR peptide on a branched 
polylysine backbone (109) develop anti-NMDAR, anti-DNA reactivity in serum. Thus, the 
peptide is a cross-reactive antigen that is a double-stranded DNA mimetope that can break 
self-tolerance in BALB/c mice and lead to the presence of potentially neurotoxic antibodies 
in the circulation. Mice harboring these antibodies in the blood are asymptomatic with 
respect to brain function. Although there is some antibody deposition around the 
circumventricular organs, the remainder of the brain is histologically normal. Thus, there 
needs to be an insult to BBB integrity for these antibodies to penetrate brain parenchyma. 
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Although some data exist that NMDARs are present on endothelial cells, they do not appear 
to appreciably transport antibody to the brain in this model. Lipopolysaccharide (LPS) and 
epinephrine—agents that breach BBB integrity—lead to cognitive abnormalities and 
behavioral impairments, respectively, in antibody-bearing mice. Endothelial cells can 
express Toll-like receptors, but LPS probably compromises barrier integrity through 
induction of high levels of systemic cytokines rather than through direct effects on 
endothelial cells (55, 65, 110). Epinephrine causes a transient increase in blood pressure and 
cerebral blood flow but also binds to adrenergic receptors on cells of the BBB. When either 
of these agents is present systemically, the DNA/NMDAR-reactive antibody accesses the 
brain and causes neuronal injury and loss. Animals harboring antibody and treated with LPS 
exhibit hippocampal neuronal loss and impaired memory function (2). Similarly, in mice, 
when intravenous administration of human SLE serum is followed by systemic 
administration of LPS, the animals exhibit loss of hippocampal neurons and memory 
impairment. If the serum is first depleted of peptide-reactive antibodies, there is no 
detectable neurotoxicity, confirming that specific antibody is responsible for the cognitive 
impairment and that the LPS alone does not cause sustained cognitive impairment. When 
epinephrine is used as the BBB-breaching agent, animals harboring antibodies display 
neuronal damage in the amygdala and abnormal fear conditioning, but their memory 
function remains normal (111). Thus, a single autoantibody specificity can cause distinct 
manifestations that depend on the brain region exposed to antibody. The region of BBB 
breach is a function of the breaching agent. This observation is critical, as it demonstrates 


that the same antibody can give rise to various symptom complexes. 


Interestingly, there is no detectable influx of blood-borne inflammatory cells into the brain 
following exposure to either LPS or epinephrine in this model. Thus, neuronal loss is 
noninflammatory or only mildly inflammatory. In the human disease, slow accumulation of 
cognitive and behavioral impairment acquired in this manner would not immediately suggest 
immune-mediated pathology, as it is not necessarily associated with acute inflammation in 
the CNS. Indeed, many of the insults to barrier integrity that permit antibodies to penetrate 
brain tissue are not disease specific, and CNS damage in SLE accrues independent of 
disease activity, further complicating the association of lupus antibodies with brain 
symptoms. Therefore, even in a disease such as SLE in which tissue injury throughout the 
body is clearly initiated by autoantibodies, a relationship between antibody and brain 
symptomatology has only recently been appreciated. 


Using the unique opportunities afforded by the ex vivo hippocampal slice preparation, it was 
possible to demonstrate that both murine and human DNA/NMDAR-teactive antibodies 
modulate NMDAR function by preferentially binding the active NMDAR configuration, 
permitting calcium to enter the cell. Presumably, the antibody increases the time the 
NMDAR remains in this configuration, thereby enhancing calcium influx. The insult to 
neurons caused by antibody activity is evident in an assessment of mitochondrial membrane 
potential. Mitochondria in cells exposed to both antibody and glutamate are characterized by 
increased inner mitochondrial membrane permeability and swelling. Thus, the antibody is 
functional only in activated synapses; toxicity therefore occurs as a function of antibody 
concentration, local glutamate concentration, and prior NMDAR activation (100). 
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These studies further demonstrated that the antibody alters synaptic activity at a 
concentration tenfold less than is needed to mediate cell death (100). This finding broadens 
the potential symptomatology related to DNA/NMDAR-reactive antibodies in that some 
neuronal dysfunction might be reversible, transiently affecting the amplitude of excitatory 
postsynaptic potentials, whereas other dysfunction might be permanent, reflecting antibody- 


mediated neuronal loss (100). 


To date, experiments in animals in which the DNA/NMDAR-reactive antibodies were 
generated through immunization or administered by passive transfer indicate that antibody 
access to brain is a necessary condition for brain pathology. There is no evidence of 
complement activation in the brain. Indeed, Fab’ 2 fragments of antibody can also cause 
neuron death when injected into brain, confirming that antibody toxicity can occur unrelated 
to complement activation or engagement of Fc receptor—bearing cells, and there is no 
discernible effect of IgG isotype. Moreover, neuronal death occurs without visible 
inflammation and does not require synergy with complement or cytokines. Because the 
damage is insidious and not characterized by intense inflammation, the time between actual 
damage and its detection may be quite variable. 


Recent efforts have identified a cross-reactive neuronal antigen for another classic lupus 
antibody, anti-ribosomal P autoantibody (112). Early studies suggested an association 
between serum anti-ribosomal P antibody levels and psychosis, but the data were 
inconsistent and the notion that an antibody to an intracellular antigen could alter cell 
function raised the perplexing question of how the antibody might access the antigen. 
Clinical studies that investigate an association between serum antibody and brain disease 
must address antibody penetration of brain parenchyma. Multiple studies have demonstrated 
anti—ribosomal P antibody within the CSF of patients with neuropsychiatric lupus (113- 
115). A plausible mechanism for the brain symptoms induced by anti-ribosomal P 
antibodies has recently been proposed (116). Anti-ribosomal P antibodies isolated from 
patients with SLE bind an integral membrane protein on neurons in rodent cortex, 
hippocampus, amygdala, and stria terminalis (116). Electrophysiological analyses of 
neurons in culture demonstrate that anti-ribosomal P antibody alters calcium flux and 
mediates neuronal apoptosis. These antibodies have been administered to mice through 
intraventricular injection and lead to a behavioral phenotype (117). No doubt, there will be 
many more antineuronal autoantibodies present in SLE patients that alter neuronal function, 
and the potential cross-reactivity of classic autoantibodies to brain antigens needs to be 


investigated. 


ANTIBODIES IN THE CLASSIFICATION OF DEMYELINATING DISEASE 


MS is the most frequent neurological disease in young adults and confers a high risk of 
future disability (118). Patients experience recurrent neurological deficits with complete or 
partial remission or progressive impairment. Multiple focal brain lesions can be detected in 
various brain regions of the white and gray matter, and how the immune system attacks the 
myelin sheaths and finally leads to axonal loss, gliosis, and atrophy remains unresolved 
(119, 120). 
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The ongoing search to identify an antigen-specific humoral immune response in patients 
with MS is mainly based on the hallmark finding in 1948 of persistent oligoclonal 
immunoglobulin bands (OCBs) in the CSF of more than 90% of patients (121). The search 
has concerned researchers throughout the past century, most recently leading to a 
presumptive identification of the potassium channel KIR 4.1 as the antigenic target (122). 
CSF analysis for OCBs was incorporated in the diagnostic criteria of MS (123); however, 
the antigenic specificity of the OCBs remains unknown, and OCBs are not unique for MS 
but can also be observed in other CNS inflammatory diseases (123, 124). MS is widely 
considered to be a CD4* T cell-mediated autoimmune disease (125), but the dramatic 
beneficial effect of B cell depletion in patients with relapsing remitting MS (126, 127) was 
rather surprising and has resulted in a renewed focus on determining the relevance of B cells 
and antibodies as either active promoters or secondary phenomena in MS (73, 128, 129). 
Neuropathological findings suggest antibody-mediated damage of oligodendrocytes in early 
acute MS plaques of approximately 50% of patients (130, 131). On the basis of clonally 
expanded B lymphocytes present in chronic MS plaques and OCBs in CSF, an oligoclonal 
population of B cells is believed to infiltrate the CNS compartment, where the B cells 
secrete antibody (132-134). 


The potential contribution of pathogenic antibodies to MS is supported by studies of the 
EAE animal model, which shares some pathophysiological similarities with the human 
disease. EAE is typically induced by immunization with myelin components and adjuvant or 
by adoptive transfer of encephalitogenic CD4* T cells. Antibodies directed to the myelin 
oligodendrocyte glycoprotein (MOG) can augment demyelination (73, 122, 128). Anti- 
MOG antibodies display pathogenic effects in vitro (135). Few studies have described the 
presence of such antibodies in active MS brain lesions (136, 137). Interestingly, MOG 
antibodies can be detected in serum of healthy individuals by ELISA and Western blot but 
not by cell-based assays. Whether access of antibody to brain tissue or antibody fine 
specificity distinguishes patients from healthy individuals is not known. 


Surprisingly, using MOG-transfected cells for antibody screening revealed MOG as a target 
antigen in approximately 40% of pediatric patients with acute disseminated 
encephalomyelitis (ADEM) (138-141). High-titer antibodies to MOG are largely absent in 
adult MS patients but are detected in some patients with AQP4 IgG-seronegative NMO, 
pediatric MS, and optic neuritis using a cell-based immunofluorescence assay (138, 140- 
146). ELISA and Western blot assays largely failed to detect these antibodies. These data 
illustrate the absence of a uniform assay for all brain-reactive antibodies. 


NMO was described clinically at the end of the twentieth century as a severe form of MS 
with acute bilateral optic neuritis and longitudinal extending myelitis spanning three or more 
vertebral segments (147—149). In 2004, a specific antibody in the serum of patients was 
identified using a cell-based indirect immunofluorescence assay (150). The antibody proved 
to be directed against the extracellular domain of the water channel protein AQP4, which is 
abundantly expressed on astrocytic perivascular end-foot processes (151, 152). Following 
the discovery of anti- AQP4 IgG, NMO was no longer regarded as a variant of MS but rather 
as a separate entity (152). The antibody is absent in MS but can be found in some patients 


Annu Rev Immunol. Author manuscript; available in PMC 2015 April 17. 


\duosnuey\ Joulny \diosnueyy 10y}ny \diosnueyy 10y}ny 


\diosnueyy JOUuINY 


Diamond et al. 


Page 19 


with other autoimmune disorders such as Sjégren's syndrome, myasthenia gravis, 
neuropsychiatric SLE, and thyroiditis (147). 


The unique localization of the targeted antigen in close proximity to the BBB and brain-CSF 
barrier likely facilitates antibody access to target antigen at sites of BBB disruption. Some 
data even suggest that glial foot processes penetrate to the vascular lumen; subsequent 
antibody-mediated attack could itself disrupt BBB integrity. Although NMO was initially 
thought to spare the brain and to have a monophasic course, NMO is now described as a 
relapsing disease, and MS-atypical brain lesions are present primarily at sites of high AQP4 
expression (153). Selective targeting of the antibody to the optic nerve and spinal cord may 
relate to the dense expression of AQP4 in these regions; however, AQP4 density is not 
sufficient to explain a lack of cortical pathology in NMO patients, as AQP4 is abundantly 
concentrated in the cortex (153—156). It needs to be further investigated whether the absence 
of cortical pathology can be attributed to (a) regional differences in BBB composition or 
integrity (156-158); (b) the need for region-specific pathogenic epitope; or (c) a requirement 
for threshold concentration or duration of exposure to antibody. 


AQP4 IgG is present in approximately 80% of NMO patients (159). AQP4 is expressed as 
either the full-length protein (M1-AQP4) or the shorter isoform (M23-AQP4), a splice 
variant. These form heterotetramers with differing sensitivity to antibody detection (144, 
160). Binding of autoantibodies depends on the formation of AQP4 supramolecular 
structures, termed orthogonal arrays of particles, which are currently considered to be the 
targets of AQP4 IgG (144, 161). Differential expression of AQP4 isoforms might even 
influence the mode of action of the antibody. A recent study suggested that AQP4 IgG 
binding results in internalization of M1-AQP4; in contrast, antibody binding to M23-AQP4 
activates the complement system and inhibits AQP4 water permeability (162). It remains 
unresolved whether AQP4 autoantibodies directly impair water permeability or do so 
through a more general impairment of astrocyte function (163). 


The most notable histological characteristic of NMO is the extensive demyelination across 
multiple segments involving gray and white matter, with remarkable loss of AQP4 and acute 
axonal pathology. Demyelination, oligodendrocyte loss, and cytokine release occur most 
likely as secondary events of the disease (164, 165). Histopathological staining shows that 
antibodies and active complement products enclose hyalinized and thick-walled blood 
vessels in a characteristic rosette-like pattern (166). The localization of disease activity at 
the vessels undoubtedly relates to antibody access to astrocytic foot processes. Besides 
AQP4, active lesions lack other astrocytic markers such as glial fibrillary acidic protein 
(GFAP) and the AQP4-associated glutamate transporter 2 (EAAT2). They also are 
characterized by an infiltration of macrophages, neutrophils, eosinophils, and some CD3+t 
and CD8* T cells (167). Selective targeting of the astrocytes is additionally confirmed by the 
presence of high concentrations of the astrocyte-specific proteins GFAP and S-100B in CSF 
(168). 


An active involvement of AQP4 antibodies is strongly suggested by clinical observations 
showing a beneficial effect of antibody- or B cell—targeting therapies (169, 170) as well as a 
correlation of antibody titer levels with disease activity (171) and length of spinal cord 
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lesions (172, 173). A cytotoxic effect of AQP4 IgG has been shown in several in vitro 
experiments, demonstrating complement-mediated lysis following opsonization of AQP4 
transfected cells and AQP4-positive astrocytes (174-176). An ex vivo spinal cord slice 
model revealed that NMO-like lesions develop in the presence of patients' antibodies and 
complement, with astrocytosis and loss of myelin (177). The pathogenic potential of the 
antibody was further demonstrated in vivo by passive transfer of antibodies from AQP4 
IgG—positive NMO patients to rodents with EAE, which appears to be a necessary substrate 
for antibody-mediated pathology. Compared with animals infused with antibodies from 
AQP4 IgG-negative NMO patients or IgG from MS patients, the AQP4 IgG-treated animals 
exhibited exacerbated lesions in the CNS with a distribution similar to that seen in NMO 
patients (178-180). Preabsorption of patients' antibodies with AQP4-transfected cells, as 
well as in vivo administration of a monoclonal recombinant antibody generated from a B 
cell within the CSF of a NMO patient, confirmed an AQP4 IgG-specific pathogenic effect 
(178, 179). Several studies have examined whether AQP4 antibodies are actively 
internalized through endothelial transcytosis, enter the CNS through circumventricular 
organs, or require breach of the BBB by pathogenic T cells. Current data emphasize a 
contributing role of pathogenic AQP4-specific T cells (181) and further suggest that 
antibodies to human brain microvascular endothelial cells in the serum of NMO patients 
may contribute to BBB disruption by stimulating the expression of high levels of vascular 
endothelial growth factor (129). 


Yet antibody access to the target antigen may not be sufficient to explain disease 
pathogenesis, as one study showed absence of NMO pathology following injection of 
antibodies from NMO patients into juvenile rats despite apparent extravasation of antibody 
into the CNS (178, 182). It also remains unclear why AQP4 expressed in peripheral tissues 
such as kidney, lung, skeletal muscle, stomach, and inner ear is not bound by AQP4 
antibodies (183-185). Presumably, AQP4 expressed in these tissues does not routinely 
express the targeted epitope (48, 186, 187). 


INDUCTION OF BRAIN-REACTIVE ANTIBODIES BY MICROBIAL 
PATHOGENS 


The GAS Streptococcus pyogenes is associated with the development of postinfectious 
autoimmune responses in humans. The best studied of these responses is acute rheumatic 
fever, a collection of inflammatory disorders in which immune activation by streptococcal 
antigens appears to initiate responses against the heart (carditis), joints (arthritis), skin 
(erythema marginatum), and/or brain (Sydenham's chorea) (188). 


Sydenham's chorea is a delayed neurological complication of GAS infection that occurs in 
patients, usually under the age of 18. It usually occurs within a few weeks of a GAS 
infection but can occur up to six months after the acute infection and may persist (189, 190). 
The disorder is characterized mainly by chorea and other motor symptoms preceded by 
neuropsychiatric symptoms such as obsessive-compulsive symptoms, anxiety, tics, 
hyperactivity, and emotional lability (191). In 1998, researchers identified a group of 
clinically related disorders named PANDAS (pediatric autoimmune neuropsychiatric 
disorders associated with streptococcal infection) in which the onset of neuropsychiatric 
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symptoms followed GAS infection (192). These conditions lack the presentation of chorea 
and hence do not meet the diagnostic criteria of Sydenham's chorea. 


There is compelling evidence that GAS infection induces antibodies cross-reactive with 
neuronal antigens through the process of molecular mimicry (193). The basal ganglia is one 
of the primary targets of these antibodies (194, 195). Husby et al. (196) were the first to 
describe antibodies in Sydenham's chorea patients that cross-react with basal ganglia tissue. 
Subsequent studies using immunofluorescence, ELISA, and Western immunoblotting have 
confirmed this observation (197—201). Neuroimaging studies suggest that basal ganglia 
abnormalities associate with the active phase of Sydenham's chorea (202) and that these 
changes revert to normal on recovery (203-207; but see also References 208-210). 


Early studies investigating antibody-mediated behavioral alterations focused on direct 
infusion of patients' serum into rat striatum. These studies, using serum from PANDAS or 
Sydenham's chorea patients, failed to demonstrate motor or behavioral abnormalities in the 
injected rats (211, 212). In studies in which mice were immunized with a GAS homogenate, 
some of the immunized animals developed motor and behavioral disturbances that were 
correlated with immunoreactivity to the deep cerebellar nuclei (213, 214). Naive mice given 
serum from immunized mice also developed some behavioral impairments, although the 
antibodies in these mice targeted the hippocampus (214) and not the cerebellum as in the 
donor mice (213). Although these models (213, 214) support a role for anti-brain antibodies 
in the induction of a behavioral syndrome following GAS exposure, the studies did not 
precisely replicate neural and immune features reported previously in Sydenham's chorea 
and PANDAS (196, 199, 215). 


Human monoclonal antibodies from a Sydenham's chorea patient that react with N-acetyl-p- 
v-glucosamine (GIcNAc), the major epitope of GAS carbohydrate, also react with a specific 
lysoganglioside, GM1, present in the brain and with the intra-cellular cytoskeletal protein 
tubulin (199). Elevated levels of lysoganglioside GM1- and tubulin-specific IgG were found 
in acute Sydenham's chorea sera and CSF (199, 215, 216). The Sydenham's chorea 
monoclonal antibodies were shown to activate calcium-calmodulin kinase II (CaMKII)- 
dependent signaling and induce dopamine release in the catecholamine-secreting SK-N-SH 
neuronal cell line. Whether the reactivity to tubulin is critical for antibody-mediated effects 
in vivo or in vitro remains to be determined. 


Recently, an active immunization model in rats has been developed (217) that helps 
elucidate the antibody-mediated effects on the dopamine pathway. Rodents immunized with 
GAS antigens displayed impaired fine motor control and gait, excessive grooming, and 
modest hyperactivity. Behavioral changes were correlated with the presence of antibodies in 
the striatum, thalamus, and frontal cortex as well as with the activation of CaMKII in 
neuronal cells. Alterations in dopamine and glutamate levels were also found in the cortex 
and basal ganglia. Interestingly, this study also suggested a novel brain antigen, the D2 
dopamine receptor, as a possible target of anti-GAS antibodies. D2 receptor blockade with a 
complete antagonist, haloperidol, successfully reversed some of the motor impairments in 
rats following immunization with GAS antigens and is consistent with either mechanism of 
antibody activity (217). To further demonstrate the role of the D2 receptor in Sydenham's 
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chorea, Cox and colleagues (C.J. Cox, S.E. Swedo, J.F. Leckman, M.W. Cunningham, 
personal communication) generated a transgenic mouse expressing an antibody that was 
derived from a Sydenham's chorea patient and is cross-reactive with GAS and brain. The 
transgenic autoanti-body induced dose-dependent activation of the D2 receptor ex vivo and 
targeted dopaminergic neurons in the basal ganglia in vivo. Importantly, sera of acute 
Sydenham's chorea and PANDAS patients harbor elevated levels of antibodies to the 
dopamine D2 receptor (193, 217). Whether antibodies to lysoganglioside GM1 routinely 
cross-react with the dopamine D2 receptor has not yet been established. 


Thus, multiple observations suggest the presence of functional autoantibodies in the 
pathogenesis of Sydenham's chorea: (a) the presence of brain-reactive antibodies in the sera 
of patients; (b) the correlation of CSF antibody titers with symptoms; (c) the reversibility of 
symptoms as CSF antibody titers decline; and (d) the effectiveness of plasmapheresis or 
intravenous immunoglobulin as a treatment (202, 204, 216, 218). How these antibodies 
penetrate the brain and why there is apparent regional specificity has not been established. 
Given that the antibodies appear to be polyclonal and that systemic immunomodulatory 
therapies have beneficial effects in Sydenham's chorea, it would seem reasonable to 
conclude that antibodies are produced in lymphoid organs and penetrate into the brain. It has 
been suggested that dopamine receptors on endothelial cells might facilitate the transport of 
anti—dopamine receptor antibodies into brain parenchyma. These antibodies might then bind 
neurons and alter dopamine-mediated pathways. Alternatively, the antibodies may not need 
to penetrate brain tissue to alter neuronal function. Anti-dopamine receptor antibodies might 
bind dopamine receptors present on endothelial cells, activate endothelial CaMKII, and lead 
to dopamine release from endothelial cells into the CNS. 


It is possible that infection itself facilitates endocytosis or tight junction dysfunction, 
permitting entry of anti-GAS, anti-brain cross-reactive antibodies into the brain. The 
presence of antibody deposits on the brain depends upon the inclusion of Bordetella 

pertussis as an adjuvant in GAS-immunized rats (217). B. pertussis compromises the 
integrity of cerebral endothelial tight junctions (219) and leads to increased vascular 
permeability in brain tissue (220). 


PARANEOPLASTIC ANTIBODIES 


Paraneoplastic syndromes reflect the ability of benign or malignant tumors to provoke an 
immune response. When the immune response is targeted to a brain antigen, the induced 
antibodies can alter neural function. In some cases the immune response includes T cell 
infiltration (CD4* and CD8°*), with activation of microglia, gliosis, and neuron loss (221). 
Determining the etiology of the neurological dysfunction is clinically extremely important, 
as the syndromes may develop rapidly and may also precede more local symptoms of the 
tumor. Current hypotheses regarding pathogenesis of the wide spectrum of neuropsychiatric 
paraneoplastic disorders propose that tumor cells express antigens that are normally and 
predominantly expressed in the CNS. The generation of antibodies to tumor cell surface 
molecules presumably constitutes one aspect of tumor surveillance, whereas antibodies 
might be induced to either intracellular or cell surface antigens through the immunogenicity 
of dead tumor cells. Paraneoplastic syndromes involving intracellular antigens are more 
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likely to associate with both B and T cell responses; in contrast, paraneoplastic syndromes 
provoked by cell surface antigens, often synaptic antigens, provoke mainly B cell responses 
with rare T cell infiltrates. It is possible, however, that this distinction reflects a more intense 
effort to identify T cells in conditions characterized by antibodies to intracellular antigens in 
order to identify pathogenic mechanisms. 


CSF analysis in paraneoplastic syndromes depends on the onset and duration of the illness. 
Abnormal CSF analysis is common (70-90% prevalence) across many studies. The 
abnormality is often characterized as inflammatory CSF, which includes one or more of the 
following: pleocytosis, increased immunoglobulins, or increased protein (225). The glucose 
is normal. Paraneoplastic syndromes may also be associated with OCBs present in CSF 
(225, 226). Comparing the ratio of Ig to albumin in serum with that in CSF supports 
intrathecal synthesis (225, 226). This observation is also consistent with a report of 
pleocytosis in the CSF of 93% of patients, although early in the disease, pleocytosis can 
occur without increased protein (227). It is also consistent with the observation that OCBs 
detected in CSF may not be detected in serum from the same patient (227-230). 


Paraneoplastic syndromes characterized by neuropsychiatric symptoms such as an altered 
level of consciousness, amnesia, movement disorder, and seizures occur most often in 
patients with teratomas that express neural antigens (222), although other tumor types can 
also elicit antibodies that cause paraneoplastic syndromes (Table 2). The antigens targeted in 
these conditions include channel receptors, subunits of complex assemblies of 
neurotransmitter receptors, or proteins critical for synaptic function and cause disorders of 
the hippocampus, basal ganglia, cerebellum, and brain stem (222, 223). For example, the 
mechanism of action of anti-NR1 antibody appears to involve either internalization of the 
receptor, with an ensuing decrease in synaptic density of NMDARs but without a permanent 
loss or degradation of the synapses, or without permanent destruction of the dendrite or cell 
body (224). The proposed mechanism is consistent with the reversible symptomatology. In 
animal studies, the alteration in synapse structure correlates with antibody level. Some 
women with teratomas develop antibody to the NR2 rather than the NR1 subunit of the 
NMDAR (222). The symptoms largely overlap those in women with anti-NR1 antibodies. 
Whether paraneoplastic anti-NR2 antibodies cause receptor internalization is not yet known, 
but they have an epitope specificity that differs from the anti-NR2 antibodies of SLE; the 
specific nature of the antibody-receptor interaction is likely an important factor in 
determining the very different associated neuropsychiatric manifestations. 


Remarkable experiments have identified a putative pathogenic antibody to amphiphysin in 
patients with the paraneoplastic syndrome known as stiff-person syndrome (231), which is 
characterized by fluctuating but progressive muscle rigidity and spasm. Amphiphysin, an 
intracellular protein, is crucial to synaptic vesicle endocytosis, and the toxicity of the 
antibody results from a depletion of the releasable vesicle pool. Some symptoms that are 
present in patients with the antibodies have been reproduced in a dose-dependent manner by 
passive transfer of serum from patients to mice (232). Not unexpectedly, however, these 
passive transfer experiments required breaching of the BBB (with encephalitogenic T helper 
cells specific for myelin basic protein) for antibodies to penetrate brain tissue. Recent 
experiments employed direct intraventricular injection of purified antiamphiphysin antibody 
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and led to stiffness, reduced dorsal root potentials, and altered Hoffmann reflex (the 
electrically elicited monosynaptic deep tendon reflex) in recipient animals. Novel imaging 
techniques identified the IgG internalized within neurons. Moreover, antibody failed to 
localize in neurons from amphiphysin-deficient mice; thus, these antibodies appear to access 
intracellular proteins by an incompletely understood mechanism (233), perhaps related to 
the well-described role of this antigen in endocytosis. Ex vivo patch-clamp experiments 
showed that antiamphiphysin antibodies suppress the amplitude of the inhibitory 
postsynaptic currents (233). Many questions remain; prominent among these are how the 
antibodies access intracellular proteins and why GABAergic synapses should be 
preferentially attacked through the amphiphysin binding given that amphiphysin expression 
is widespread in CNS synapses. Interestingly, both amphiphysin and NR2 are targets of 
autoantibodies in individuals with no apparent tumor and no classified autoimmune disease. 
It is not known whether the immunogenicity of these antigens in these patients is due to 
cryptic tumors, or whether it is due to an unknown mechanism unrelated to the presence of 


tumor cells. 


MATERNAL ANTIBODY TRANSMISSION TO THE FETUS 


Antibodies to brain antigens may recognize the immature as well as the mature brain. Thus, 
they theoretically have the potential to alter brain development. The clinical observation that 
children of mothers but not fathers with SLE have a greater incidence of learning disabilities 
(234) stimulated animal experiments to test whether the DNA/NMDAR-reactive antibodies 
that can alter cognition and behavior in adults might cross both the placenta and the 
immature BBB during fetal development and alter brain development. Female mice with 
high titers of DNA/NMDAR-reactive antibodies produce offspring with delayed neonatal 
reflex acquisition and long-term impairments in some tasks dependent on cortical activity. 
The developing brain exhibits increased cortical neuronal death, a thinned cortical plate, and 
ectopic mitotic activity. Injection of a pregnant dam with either murine or human 
monoclonal DNA/NMDAR-reactive antibody demonstrated a time-linked sensitivity to 
neurotoxicity. Pregnant dams injected late in gestation have embryos with neural 
development com parable to controls; earlier injection leads to a thinned and disorganized 
cortex (50). Interestingly, there is a gender-specific effect of maternal antibody. Whereas the 
male fetuses exposed to antibody experienced cognitive impairment as adults, the female 
fetuses exposed to maternal antibody failed to survive. Although the exact mechanism 
remains unclear, fetal death depends on NR2A expression in the fetus (49). 


Complementing the data from the in vivo studies in mice, recent epidemiological data from 
over 500 women with SLE who had over 700 births demonstrated a trend for a higher male- 
to-female ratio in children born to mothers with SLE compared with control mothers (234a). 


It has been proposed that some cases of autism spectrum disorder might be attributable to in 
utero exposure to maternal antibodies. Two main observations buttress this hypothesis: First, 
in a cohort of over 600,000 births in Denmark, the presence of autism spectrum disorder in a 
child was associated with the presence of either rheumatoid arthritis or celiac disease in the 
mother (235). This study concluded that the presence of one of these disorders in the mother 
increased the risk of autism spectrum disorder at least twofold in her child, suggesting that 
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autoimmunity in the mother may predispose to autism spectrum disorder. Second, several 
investigators have identified the presence of antibodies that bind to the brain in mothers with 
autism spectrum disorder offspring (236, 237). Indeed, mothers of an autism spectrum 
disorder child are four times more likely to harbor anti-brain antibodies than unselected 
women of childbearing age (L. Brimberg, P.K. Gregersen, B. Diamond, unpublished data). 
In two studies, either (a) serum containing antibodies reactive with neuronal antigens or (b) 
IgG isolated from pooled sera of mothers with autism spectrum disorder offspring was 
passively administered to pregnant mice. The offspring were observed to have deficits in 
social behavior and motor skills as well as cerebellar abnormalities (238). Martin et al. (239) 
administered IgG purified from a large number of mothers with brain-reactive antibodies 
and a child with autism spectrum disorder to pregnant cynomolgus monkeys. The resultant 
offspring were observed to have more social deficits, increased motor activity, and increased 
stereotypic behaviors compared with offspring born of mothers given control IgG pooled 
from mothers of a normally developing child (239). These data support the hypothesis that 
maternal antibody can affect the developing fetal brain. This is clearly an area that requires 
much more study. 


THERAPEUTIC APPROACHES 


On the basis of the examples provided above, it seems plausible that many developmental or 
degenerative diseases of the CNS might be antibody mediated or, at the least, exacerbated 
by antibody should it penetrate to brain tissue. The importance of aggressively pursuing 
antibody as the mechanism of both inflammatory and noninflammatory brain disease lies in 
the relative ease of modulating antibody production and the potential use of decoy antigens 
to block antibody targeting to brain antigens. 


Obviously, B cell-directed therapies, especially those that target plasma cells as well as other 
B cell subsets, will alleviate progression of disease in many cases. Importantly, as in other 
tissues, once certain brain-intrinsic degenerative pathways have been triggered, antibody 
may no longer be required for continued damage; thus, there may be a critical time window 
for B cell depletion therapy. Because B cell depletion or prevention of antibody secretion 
has unwanted immunosuppressive toxicities, other therapeutic strategies are needed. 


Antibody blockade with decoy antigen has been explored. Because in many antigen- 
mediated diseases of the brain the offending B cells have not themselves penetrated the 
BBB, decoy antigen may need to be present only systemically and not within the CNS. The 
approach of antibody blockade has been most intensively explored for anti-NMDAR antibod 
ies. In principle, NMDAR antagonists would protect neurons from antibody-mediated 
toxicity. Indeed, NMDAR antagonists do protect neurons from anti- NMDAR antibodies in 
SLE models, but the history of attempting to block glutamate receptors in the brain in order 
to decrease excitotoxic damage is long and disappointing. The use in humans of the 
irreversible NMDAR inhibitor MK-801 and even the FDA-approved NMDAR antagonist 
memantine has been limited by toxic effects. Even if a nontoxic receptor antagonist were 
developed, the strategy of lifelong treatment with these agents would be problematic, as 
normal NMDAR activity is required for learning and memory and other critical neuronal 
functions. 
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An emerging alternative is a strategy of blocking the antibody from binding tissue antigen. 
The D isoform of the DWEYS pentapep-tide is bound by anti-NMDAR antibody, is resistant 
to proteolytic cleavage, and exhibits a 6-8 h half-life in blood. Thus, the D peptide is a 
potential therapeutic agent that might function as a decoy antigen that does not interfere with 
normal NMDAR physiology. Experiments using the blocking peptide in vivo demonstrate 
reduced antibody-mediated toxicity in adult animals (240, 241). A more useful therapeutic is 
FISLE-412, an orally absorbable mimetic of the DWEYS peptide that effectively prevents 
the toxic effects of murine and human DNA/NMDAR-reactive antibodies in both kidney 
and brain (241). Thus, an antibody-blocking strategy seems potentially beneficial and should 
be pursued. An important feature of this approach is that it is not necessary to know the 
actual tissue antigen bound by the antibody; identifying a surrogate antigen is sufficient to 
mediate antibody blockade. 


CONCLUSIONS 


Brain-reactive antibodies are found in humans with autoimmune disease, with exposure to 
microbes or other exogenous antigens that induce cross-reactivity, and with tumors 
expressing brain antigens. Importantly, these mechanisms may not be mutually exclusive. 
For example, celiac disease develops in individuals with an underlying autoimmune 
predisposition and in the context of dietary exposure to gluten peptides. Thus, both 
autoimmune predisposition and exposure to cross-reactive antigens are responsible for 
disease-specific autoantibodies that bind CNS antigens (242, 243). Although these 
mechanisms likely encompass the great majority of antibody-driven neuropathologies, brain 
injury such as trauma, seizure, or stroke may also impair the sequestration of brain-specific 
antigens and lead to an immune response to brain antigen. 


In all these situations, reactivity likely develops to brain antigens that do not engage in the 
routine process of B cell selection. Thus, autoantibody-mediated brain pathology is likely to 


have the following characteristics: 


1. Reactivity to brain-specific antigen or to brain-specific epitopes of more broadly 
expressed antigen. Generally, this means that brain-reactive antibodies will target 


neurons and astrocytes. 


2. Mechanisms of neurotoxicity that do not depend on Fc-associated effector 
functions, as the immune environment of the brain does not favor complement or 


Fc receptor activation. 


3. A mechanism for antibody to penetrate the BBB. This may be noninflammatory, 
such as antigen-mediated endocytosis, or may require an inflammatory breach of 
barrier integrity. Moreover, the nature of the antibody-mediated neuropsychiatric 
symptoms may depend on the mechanism of barrier breach, as breaches in barrier 
integrity appear to be local and nonhomogeneous. This consideration pertains to 


disease in adults. 


4. In utero exposure to antibody can occur without a specific mechanism of barrier 
breach. Whether there is regional specificity to the development of barrier function 


is not known. 
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The identification of syndromes mediated by brain-reactive antibodies remains challenging, 
although new neuroimaging modalities hold promise. In humans, these modalities may 
identify premortem brain pathology—and its progression or cessation of progression—that 
has, up to now, been unappreciated. In animal models, it will be possible to track antibody 
penetration into brain tissue and ensuing alterations in brain function. Yet it is important to 
note that even the detection of brain-reactive antibodies remains problematic, and there is no 
uniform methodology that will identify all those with known pathogenic potential. 


The potential pathogenicity of brain-reactive antibodies is now well appreciated. The 
number of neuropsychiatric syndromes shown to be mediated, at least in part, by brain- 
reactive antibodies will undoubtedly increase. Multiple questions need to be addressed as 
more brain-reactive antibodies are identified: How do antibodies access their CNS targets? 
Do antibodies access intracellular targets, and if so, how? Are neurons and astrocytes indeed 
preferentially targeted? Are Fc-mediated mechanisms of antibody toxicity less important in 
the CNS than in other organs? What maintains BBB function, and what are its key 
modulators? Is there a systemic, metabolomic, proteomic, or other marker of barrier 
integrity? Is the developing fetal neuron less vulnerable to the many brain-reactive 
antibodies that can impair adult neuron function or viability? Why are antigens present in 
the peripheral tissues not targeted by the autoantibodies? 


This group of CNS diseases might seem relatively accessible to therapeutic intervention. 
The availability of B cell-targeted therapeutics holds promise that many antibody-mediated 
neuropsychiatric symptoms can be alleviated once pathogenic antibodies are identified. 
Because targeting B cells impairs protective immunity, the use of decoy antigens warrants 
further exploration. Perhaps most importantly, learning to modulate BBB function in order 
to control antibody entry into the brain is a future therapeutic necessity. 
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Glossary 

Blood-brain barrier a physiological characteristic of the CNS vasculature, through 

(BBB) which the exchange of compounds between the blood and 
CNS is highly restricted 

Multiple sclerosis (MS) autoimmune disease with a heterogeneous clinical 
presentation; commonly affects young adults and has a high 
risk of future disability 

Neuromyelitis optica inflammatory demyelinating disease in which patients 

(NMO) experience optic neuritis and longitudinal extensive myelitis 
spanning three or more vertebral segments 

Aquaporin-4 (AQP4) channel that regulates the passage of water in and out of the 


CNS; a major self-antigen in NMO 
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Sydenham's chorea 


GAS 


Paraneoplastic 
syndrome 


Negative selection 


Astrocyte 


Microglia 


Neuronal synapse 


Systemic lupus 
erythematosus (SLE) 


N-methyl-v-aspartate 
receptor (NMDAR) 


Tight junctions 


Molecular mimicry: 


R4A 


OCB 


Acute disseminated 
encephalomyelitis 
(ADEM) 


PANDAS 


Decoy antigen therapy 
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neurological complication of GAS that occurs in patients, 
usually under age 18, with an autoimmune etiology 


Group A B-hemolytic streptococcus 


clinical neurologic symptoms caused by an immune response 
to a tumor antigen that cross-reacts with a neuronal antigen 


censoring of lymphocytes that react with self-components 


a major CNS cell type belonging to the neuroectodermal 
lineage; regulates vascular, neuronal, and immune function in 
the CNS 


CNS-resident myeloid cells; quiescent under normal 
circumstances but may be activated to adopt a macrophage- 
like phenotype under proinflammatory conditions 


contact between neurons, specialized for the localized release 
of neurotransmitters; the major mode of signal transduction in 
the CNS 


autoimmune disease primarily affecting women and 
characterized by numerous autoantibodies, especially 
antibodies to nuclear antigens 


a glutamate receptor that is important in synaptic plasticity 
and learning and is an autoimmune target in lupus 


cell-cell contact structures that tightly restrict the passage of 
soluble factors; important for the barrier properties of CNS 
endothelial cells 


antigen sequence similarities between foreign and self- 
peptides, such that the T or B cell will recognize them and be 
activated 


mouse monoclonal antibody reactive with DNA and 
NMDAR's NR2A and NR2B subunits; can modulate NMDAR 
function, altering synaptic function or triggering apoptosis 


oligoclonal immunoglobulin band 


CNS demyelinating disease in which a subgroup patients have 
antibodies against the myelin oligodendrocyte glycoprotein 
(MOG) 


pediatric autoimmune neuropsychiatric disorders associated 
with streptococcal infection 


the use of soluble antigen to block antibody from binding its 
target physiological antigen 
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Anatomical organization of the neurovascular and cerebroventricular systems of the central 


nervous system (CNS). Most CNS tissue is vascularized by a dense network of blood vessels 


that exhibit characteristic cellular and physiological features of the blood-brain barrier 
(BBB). The BBB thus constitutes a critically important interface between the CNS and 
systemic immunity. Other important interfaces between the CNS and the immune system 


exist within the ventricular system. Within the circumventricular organs, endothelial cells 


form a fenestrated capillary network. Within the choroid plexus, specialized epithelial cells 
filter blood to generate cerebrospinal fluid (CSF), an interstitial fluid that fills the ventricles 
and the meninges of the CNS. These epithelial cells exhibit barrier properties, including 
tight junctions, similar to those at the BBB. The CSF communicates with the perivascular 


space surrounding CNS blood vessels and drains into the lymphatic and venous circulation. 
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Figure 2. 
Diverse mechanisms of antibody entry into the central nervous system (CNS) at the 


neurovascular interface. Anatomy and cell types: The neurovascular network forms a dense 
and intricate organ system in which numerous specialized cell types cooperate to form 
distinct classes of blood vessels with unique functions in regulating antibody access to the 
CNS parenchyma. The immediate barrier for preventing antibody entry into the CNS is the 
blood-brain barrier formed by CNS endothelial cells. These cells form tight junctions that 
restrict paracellular diffusion of soluble factors and exhibit limited transcytosis and a 
relatively limited propensity for leukocyte adhesion under resting conditions. Astrocytes 
surround the basal surfaces of vessels with their foot processes and basement membranes. 
Most of the neurovascular surface area is composed of capillary microvessels, in which 
exchange of soluble factors occurs and in which astrocyte-derived membranes are apposed 
to endothelial-derived basement membranes. In larger postcapillary venules, a distinct 
perivascular space is observed between the astrocytic endfeet and the endothelial wall, 
where resident cells include pericytes (which induce barrier properties) and perivascular 
macrophages (which are thought to transduce inflammatory signals). Possible mechanisms 
of antibody entry: Under normal physiological conditions, entry of immunoglobulins into 
the CNS is negligible. This restriction may be disrupted or bypassed under certain 
pathologic circumstances. Activation of CNS endothelial cells can result from activation of 
luminal receptors, including Toll-like receptors, cytokine receptors, and hormone receptors. 
Activation of perivascular macrophages might result from endothelial cell activation, which 
can further enhance disruption of tight junctions, permitting paracellular diffusion, 
increasing transcellular transport of soluble factors, and upregulating leukocyte adhesion 
molecules. Leukocyte adhesion to activated endothelial cells is likely to amplify relevant 
inflammatory signals, even in the absence of overt transmigration into the CNS. These 
processes are more likely to occur in brain microvascular capillaries. CNS inflammation 
may also cause inside-out disruption of the BBB. Antibodies with specificity for cell surface 
molecules expressed by endothelial cells or perhaps by other neurovascular cells may enter 
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the CNS by antigen binding and engaging transcytotic trafficking through receptor-mediated 
antibody entry. Leukocyte infiltration may result in local antibody production by B 
lymphocytes and a locally disrupted BBB. Finally, antibody penetration into the CNS may 
be counteracted by antibody efflux effected by polarized FcRn (neonatal Fc receptor for 
immunoglobulin) on endothelial cells. 
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Table 2 


Antibody-related paraneoplastic disorders of the central nervous system” 








Ab 
useful in b 
Associated malignancy Defined antigen Auto-Ab in CSF | diagnosis | Ab mechanism Clinical response 
Intracellular antigens 
Breast, SCLC Amphiphysin/synaptic vesicle | Yes | Yes | Synaptic inhibition (233) | Yes 
SCLC, thymoma, non- CV2/CRMP5 Yes Yes ND Yes 
Hodgkin's lymphoma, 
renal carcinoma 
Thymoma, SCLC, non- GAD (GAD65, GAD67) Yes Yes ND (279) Yes (274) 
SCLC, pancreatic (278, 279), gephyrin (275) 
carcinoma 
SCLC, non-SCLC, Hu (ANNA1) Yes Yes ND (280-282) Yes (283) 
breast, prostate, ovary, 
bladder 
Germ cell (testis), Ma ND Yes ND Yes (284) 
SCLC, breast 
SCLC Recoverin ND Yes Increased intracellular ND 
Cat (285) 
Ovary, breast, SCLC, Ri (ANNA2) Yes Yes ND ND (286) 
thymic carcinoma 
Hodgkin's lymphoma | Tr (PCA1) | ND | Yes | ND | Yes (287) 
Ovary, breast | Yo (PCA1) | ND | Yes | ND | ND (288) 
SCLC, ovary | 2ic4 (PCA1) | Yes (284) | Yes (289) | ND | ND 
Membrane antigens 
Hodgkin's lymphoma, AMPAR, mGluR1, mGluR2, Yes Yes Decreased AMPAR Yes (264) 
SCLC, non-SCLC, and mGluR5 density (264) 
thymoma, thymic 
carcinoma, breast 
SCLC | GABA (B1) | Yes (277) | Yes | Yes | Yes (277) 
Ovary dermoid, teratoma | NMDAR (290) [NR2A/ Yes (290) Yes Irreversible loss of Yes (290) 
NR2B (222)] NMDAR (224) 
SCLC, thymoma, Caspr! (24) Yes Yes (24) ND (24) Yes (24) 
endometrial carcinoma 
(rare) 





Abbreviations: Ab, antibody; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ANNA, neuronal nuclear antibody; 


Caspr1, contactin-associated protein-like 1 (component of the voltage-gated potassium channel); CRMPS5, collapsin response mediator protein 5 
[the same antigen as CV2 (291)]; CSF, cerebrospinal fluid; GABA, y-aminobutyric acid; GAD, glutamate acid decarboxylase; mGluR, 
metabotropic glutamate receptor; PCA, Purkinje cell cytoplasmic antibody; NMDAR, N-methyl-p-aspartate receptor; SCLC, small-cell lung 
cancer. 


These autoantibodies are found in the serum and often in CSF, and they are critical in early diagnosis when tumors may be difficult to detect. In 
many situations, especially for autoantibodies to membrane antigens, symptoms are plausibly caused by regional autoantibody binding. Clinical 
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response to immune modulation is often ineffective, especially with movement disorders, and the optimal treatment is tumor removal or 
eradication. 


b z . : i z 
Is there a response to immune modulation? Note that the treatment response is not based on randomized controlled trials. 
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